Introduction
The minimally invasive endoscopic surgery was introduced in the late 1980s in the abdominal surgery as revolutionary surgical technique (Voges et al., 1997) . Surgeons no longer needed to physically place their hands within the body to perform an operation. In minimal invasive surgery, instruments and viewing equipments are inserted into the body through small incisions. Long manipulators are used to perform operations under manual guidance. This does not only minimize the collateral surgical trauma of an access incision but results also in quicker recovery. In heart surgery the introduction of endoscopic techniques were promising, but not satisfying like the application of robots in other surgical disciplines (Bholat et al., 1999; Gutt et al., 2004; Mitsuishi et al., 2000) . Complex cardiac surgery had to be performed by long instruments without tremor filter or adequate freedom of movement, so satisfactory results were missing. In heart surgery pure endoscopic techniques have not established since the demanded high precision in this speciality did not reached with endoscopic instruments only. The promise of telemanipulated endoscopic assistance was to eliminate many of the beginning impediments, with the concurrent enhancements of motion scaling, tremor filtration, 3-dimensional vision and fulcrum effect. The surgeon could now operate with a surgical mechatronic assist system in a comfortable, dextrous and intuitive manner. The solution for the initial problems was the implementation of telemanipulators that offer with the endoscopic instruments as much degrees of freedom in movement as the hand of the surgeon in conventional open surgery performing 6 degrees of freedom instead of four in conventional endoscopic instruments. Furthermore the telemanipulator had to dispose of 3D-optic and a filter of tremor (Suematsu & Del Nido, 2004 ). The new system has been a telesystem controlled remotely by the surgeon. The implementation of totally endoscopic heart surgery was realised ten years later with the telemanipulator Da Vinci ® (Intuitive Surgical, Inc., Sunnyvale, CA, USA) after introducing endoscopic surgery in abdominal surgery. Nevertheless technical limitations still exist that limit the application in special heart diseases and surgical indications in expert medical centres only.
Open Access Database www.i-techonline.com Source: Medical Robotics, Book edited by Vanja Bozovic, ISBN 978-3-902613-18-9, pp.526, I-Tech Education and Publishing, Vienna, Austria This telemanipulated technology is available for a minimal part of heart surgical patients only since the technical inconvenience of the system and the clumsy system is considerably limited in valve surgery, congenital heart surgery and a bigger part of bypass surgery. The necessity of haptic feedback is discussed controversially by robotically working surgeons and haptic engineers (Bethea et al., 2004; Fager, 2004; Hu et al., 2004) . The postulate, that the integration of a supplementary haptic channel in addition to the visual channel improves the quality of surgical work and enhances the immersion for the surgeon in a remote system, is not yet demonstrated and evidenced. For virtual and artificial scenarios tactile sense and haptic feedback is an essential part (Darggahi & Najarian, 2004; Van Beers et al., 1999) , but in the research of surgical telepresence for remote real scenarios the necessity of haptic feedback is still discussed very intensely. Several microsurgical telerobot systems are implemented by research groups all over the world (Cavusoglu et al., 2003; Garcia-Ruiz et al., 1997; Kwon 1998) , but important questions and problems arising while operating are not answered and solved sufficiently. The breaking of surgical suture material and the damage of tissue are basic and unsolved problems in telemanipulated surgery. A further hypothesis is not yet explored: The especially high fatigue of the surgeon while and after robotic operations is caused in visual compensation of the skills and movements (Thompson et al., 1999) . The basic solution seems to be the implementation of force feedback. In our study haptic feedback is built up in the experimental setup of a surgical telemanipulator system ( fig. 1 ) as technical modification Mayer et al, 2005) , the application on surgical skills is analysed and evaluated Bauernschmitt et al., 2005 b; Freyberger et al., 2005; Mayer et al., 2005) . 
Methods

Robotic system for endoscopic heart surgery
We built up a telemanipulated surgical experimental platform with commercially available equivalent surgical instruments to present comparable conditions for the surgeons. The difference and advancement is our implementation of haptic feedback in the instruments and the new robotic system. The setup comprises like typical systems for robotic surgery an operator-side master console for in-output and a patient-side robotic manipulator that directly interacts with the operating environment. A bi-manual telemanipulator is built up not only capable performing delicate operations, but also capable of applying real-time image processing tools like coronary artery detection , navigation features and autonomous procedures (Schirmbeck et al., 2004 b) .
Telemanipulator system
The robotic system consists of two surgical manipulators, which are controlled by two PHANTOM ® 1.5 input devices (SensAble Technologies, Inc., Woburn, MA, USA), and a third robot, which carries a stereoscopic camera (Richard Wolf GmbH, Knittlingen, Germany). Each manipulator is composed of a KUKA KR 6/2 robot (KUKA Roboter GmbH, Augsburg, Germany), that bears a surgical instrument of Intuitive Surgical ® . The KUKA robot disposes of six degrees of freedom. The surgical instruments provide three degrees of freedom. Therefore each robotic arm has eight degrees of freedom which enables free surgical manipulation via trocar kinematics. A micro-gripper at the distal end of the shaft can be rotated and the adaptation of pitch and yaw angles is possible. We developed an adapter to link the robotic arm with the instrument. For security reasons all flange adapters are equipped with magnetic security couplings. Those disengaged exercising forces exceed a certain level and might cause harm on instruments or tissue. All movable parts of the gripper are driven by steel wires. Their motion is controlled by four driving wheels at the proximal end of the instrument, one four each degree of freedom (two for yaw of the fingers). In order to control the instrument, we have flanged servos to each driving wheel by means of an Oldham coupling. This guarantees instrument movement free of jerk. The servo controllers are connected via serial lines to a multiport card. This redundancy renders the end effector possible to reach every position and orientation within the working space under restriction of trocar kinematics for surgical use.
Haptic instruments and haptic interface
We modified the instruments of the Da Vinci ® telemanipulator system for measuring forces while executing surgical tasks (Bowersox et al., 1998) . Since the shaft of the surgical instruments is made of carbon fibre, force sensors have to be very sensitive and reliable. Therefore strain gauge sensors are applied, which are employed for industrial force registration. The sensor gauges are applied at the distal end of the instrument's shaft near the gripper in order to display realistic forces during operation. The strain gauge force sensors measure forces along two translational directions of the instrument's shaft. One full bridge of sensors is used for each direction. Forces are displayed to the user by means of two PHANTOM ® , which act at the same time as input devices. The signals of the sensors are amplified and transmitted via CAN-bus to a PC system. Since reading of direct sensor is associated with noise a smoothing filter is applied in order to stabilize the results. Position and orientation of the manipulators are controlled by the two PHANTOM ® input devices. The working space of approximately 20x25x40 cm provides enough space to perform surgical procedures. The user controls a stylus pen equipped with a switch that can be used to open and close the micro-grippers. The basic idea of minimally invasive surgery is that only small incisions have to be made into the surface of the patient's body. The translational movements of the instruments are essentially restricted by shifts and rotations about these fulcrums (trocar kinematics). The most interesting feature of the employed PHANTOM ® devices is their capability of displaying forces to the user. Forces are fed back by small servomotors incorporated in the device. They are used to steer the stylus pen in a certain direction. This creates the impression of occurring forces, while the user is holding the pen at a certain posture.
Optical system: 3D-endoscope and head mounted display
To enable proper telemanipulation a 3D-display (Falk et al., 2001) is indispensable providing a distinct vision of the region of interest. An additional robot is equipped with the stereo endoscopic camera. This camera can also be moved by means of trocar kinematics as the instruments and can be actively controlled either by the operator or automatically track the instruments. Images taken from the stereo camera system can be displayed via three options, while time delay and least asynchrony in video have to be avoided (Thompson et al., 1999) . One is a head mounted display (HMD) that is part of the input console. The second possibility is to alternately display left and right images on a Cathode Ray Tube-(CRT-) screen. In this case, the operator has to wear shutter glasses, which are triggered by the output on the screen. A third option is the projection of online-acquired polarized operation sequences on a silver screen with two video projectors. The projectors are equipped with polarising filters that are orthogonally arranged. Observers have to wear glasses with an appropriate polarisation for the corresponding eye.
Evaluation of force feedback Human participants
The human subjects of this study included 25 surgeons divided in three groups within the Clinic for Cardiovascular Surgery in the German Heart Center Munich in different levels of surgical training and age ( One group of robotically working surgeons and two groups of surgeons without experience in robotic surgery (one group with conventionally experienced surgeons and one with young surgeons) were evaluated. Every surgeon executed three surgical tasks three times under three different haptic levels (no haptic feedback, 1:1 real haptic feedback and 1:2 doubled force feedback). The order of the haptic conditions (type of task and haptic condition) were completely balanced to avoid learning effect and were double blinded.
Training skills
Before executing the main surgical tasks of the evaluation, the trainees got 15 minutes to get familiar with handling the robotic system. First, soft coloured pellets had to be transferred from one cup and in a second next right to the first one. Second, a rubber band had to be threaded through five eyelets. In addition the surgeons got time to tie several knots to be prepared for the main tasks of the evaluation.
The surgical tasks
The study intended basic surgical and cardiac surgical procedures. Knot tying, breaking suture material and detection of arteriosclerosis had to be performed in a defined cycle with double blinding. These tasks imply at least basic knowledge in surgical principles. The participants dealt with three different levels of haptic feedback: no haptic, actually fed back forces and enhanced force feedback. During the entire experiment, the arising forces were recorded. Breaking of suture material: The breaking of suture material represents the amount of telepresence and immersion of the robotic system for the surgeons. The surgeons had to tension the thread until the supposed breaking point and had to mention this point before breaking. The difference of force between the supposed and the real breaking of a surgical thread was measured in Newton. The used surgical suture material Prolene ® 6-0 (ETHICON Inc., Somerville, NJ, USA) is a common and frequently used non-absorbable thread made from Polypropylene in heart surgery. Knot tying: The human subjects had to tie surgical knots with two surgical instruments equipped with haptic feedback. The surgeons had ten minutes to perform precisely as much knots in alternate way (left and right taught knots) as possible. The total number of knots, the applied forces and the breakage of suture material while knot tying were recorded. The speed and course of motion and the coordination of the graspers were analysed. In addition the trauma of the surrounding tissue has been rated while knot tying. Following parameters have been analysed: number of dents, holes, fissures and breaks of tissue. Furthermore, the number of outbreaks of knots and insufficient knots were counted. The finished objects with the knotted tissue were analysed in completion to the rated variables of the video recording. Detection of arteriosclerosis: The surgeons had to detect possible stenosis with one haptic instrument in realistic arteries made from polymer precisely and at the same time rapidly. The errors in detecting short, long or no stenosis in three arteries were counted. The applied forces while detecting were recorded in Newton and the time of detecting in seconds.
The critical flicker fusion frequency CFF
The critical flicker fusion frequency (CFF) is an individual part of the Wiener Testsystem (Schuhfried GmbH, Mödling, Austria) analysing the progression of fatigue during the evaluation (Wiemeyer, 2002) . The CFF is regarded as an indicator for the central-nervous function capacity, the activation level and the progression of fatigue during practical tasks (Johansson & Sandström, 2003) . The flicker fusion frequency has been identified between three blocks of tasks with the three different degrees of haptic levels (no haptic, 1:1 haptic and 1:2 haptic feedback).
Results
Surgical knot tying
Force feedback influences the application of forces significantly (p<0,05) in surgical knot tying. In increasing the force feedback the applied forces are reduced significantly (p≤0,05). The experience of the surgeons does not influence the amount of applied forces (p>0,05). Haptic feedback does not show any influence on the quality of surgical knot tying (p=0,05). 
Breaking of suture material
The difference of forces was calculated where the thread was breaking supposed by the surgeon and the force where the thread was actually breaking. Haptic feedback showed a significant effect of the force difference (p<0,05). In increasing the haptic feedback the difference decreased (p<0,05), which signifies the precision of the estimated force when the thread was breaking and the high grade of telepresence of the telemanipulator system. Figure 4 . The difference of the supposed and the real force while breaking a surgical suture decreases significantly with haptic feedback, *p<0.05
Detection of stenosis
Haptic feedback influences significantly the amount of applied forces while detecting arteriosclerosis (p<0,05). In increasing the force feedback the applied forces decrease significantly (p<0,05). This effect is independent of the surgical experience (p>0,05). Figure 5 . The applied forces decrease significantly (*p<0.05) with the increase of haptic feedback
Fatigue of the surgeons
The visual fatigue decreases significantly while operating with haptic feedback for young and conventionally experienced surgeons. Haptic feedback decreases the visual stress and fatigue (p<0,05). Figure 6 . The critical flicker fusion frequency CFF: the visual fatigue decreases with increasing haptic feedback in young, experienced and robotic surgeons
Conclusion
Robots have a number of advantages over humans in performing routine manipulation tasks. Their accuracy and repeatability allow robots to succeed in the medical and surgical market. Some of the weaknesses in current robotic devices, such as substantial lack of haptic feedback and adaptability are to be highlighted. Currently it is not possible to "program" a robot to perform steps of a surgical operation autonomously. Nevertheless, some of these limitations do not prevent robots from being useful in the operating room; rather considerable human, technical and surgical input, guidance and advancement are needed. Surgical robots can be viewed as "extending and enhancing human capabilities" rather than replacing surgeons, in contrast to the example of industrial replacement of humans by robots. Intuitive Surgical ® intended to create with the Da Vinci ® Surgical System a conception of a surgeon-robot interface so transparent to the surgeon that his set of skills can be used in a natural and instinctive manner. Its accurate visualisation is critical since visual cues are used to compensate for the loss of haptic feedback. The haptic feedback is currently limited to interact with rigid structures, such as tool-on-tool collisions, not soft tissues. This requires the surgeon to rely on visual feedback in tasks such as suturing. Especially for fine suture material approaches began in research groups to analyse haptic feedback (Okamura, 2004; Kitagawa et al., 2005) , but the way of the evaluating setup is not fulfilling the special medical interest for heart surgeons. The basic consideration in our work is to offer the heart surgeon an accessory sensory channel in addition to the visual channel not only to avoid breakage of surgical suture material and tissue, but also to decrease visual fatigue.
New applications of the technology are beginning to emerge as creative surgeons do their work (Marohn & Hanly, 2004; Maurin et al., 2004) . Nevertheless, present-day robotic surgical systems have limitations that have slowed the widespread introduction and the continuation. One major problem is the lack of haptic (Czibik et al, 2002; Awad et al., 2002) . A second major concern is the cumbersome and not versatile nature of the robotic system. It is quite easy to envision integrated imaging, navigation and enhanced sensory capabilities being available in the next generation of telesurgical systems (Howe & Matsuoka, 1999; Kennedy et al., 2002) . The goal of our experiments was to examine claims about necessity of force feedback for robot-assisted surgical procedures in cardiac surgery. We present a novel approach of a robotic system for minimally invasive and endoscopic surgery. The main purposes of the system are evaluation of force feedback and machine learning. The performance of certain surgical tasks like knot tying will profit from this feature. Experiments have shown that haptic feedback can be employed to prevent the surgeon from potentially harmful mistakes. Tension of thread material and tissue parts can be measured and displayed in order to restrict force application to tolerable amplitude. In addition, the collision of instruments can be detected and intercepted by the evaluation of real-time forces. Using multi-dimensional haptic styluses, forces are measured at the surgical instruments and fed back into the surgeon's hands. In our experimental setup, the feel for different and morbidly changed tissues cannot be analysed sufficiently. The setup of the robots does not allow to suture for example anastomosis of arteries. Leak-proof stitches could be an excellent parameter for surgical quality. In addition, the amelioration of our visual display terminal is necessary. The next generation of surgical experimental telemanipulator with haptic feedback, semiautonomous capability and navigation tool is arising. Future plans are the evaluation of real tissue to test the variable surgical quality with haptic feedback and the implementation of the results in this advanced surgical robotic system for the adoption in the operating room. For the future clinical use the perfection is planned by improving the set-up of the instruments and by incorporating these results of the evaluation into the control software. A simulation environment is designed for modelling haptic interaction with a tissue model. This can be applied for offline evaluation of critical tasks. In our experimental set-up, we are able to demonstrate that the surgical procedure in robotic heart surgery is safer, quicker and gentler for the patient and more comfortable for the surgeon using force feedback. Consequently, we require haptic feedback for surgical robotics to increase the safety of patients, to increase the ease of handling for the surgeon in a complex surgical environment, to relieve the surgeon's fatigue and to increase the number of indications for surgery and the variety of robotic applications for surgery. Future surgical systems with integrated haptic feedback could be used to train young surgeons for exercising and teaching critical and difficult steps of surgical operations by the system as simulator. 
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